Photonic-magnetic responsive molecularly imprinted microspheres (PM-MIMs) were prepared by seed polymerization, through suitable functionalization of magnetic nanoparticles for further coating with photoresponsive functional monomer and imprinted layers, and then were successfully applied to the fast and selective extraction of 17␤-estradiol (17␤-E 2 ) from real samples. The PM-MIMs possessed a sandwich micro-spherical structure containing Fe 3 O 4 core, SiO 2 middle layer, and MIPs shell with thickness of 25 nm. The PM-MIMs displayed excellent photoresponsive properties and could be rapidly separated from solutions under an external magnet. The PM-MIMs had specific affinity towards 17␤-E 2 with high adsorption capacity (Q max = 0.84 mg g −1 ) and fast binding kinetics (K d = 26.08 mg L −1 ). The PM-MIMs proved to be an ideal photoswitch with the ability of reversible uptake and release of 17␤-E 2 upon alternate 365 and 440 nm irradiation: 45.0% of 17␤-E 2 released from the PM-MIMs upon 365 nm irradiation, and 94.0% of the released 17␤-E 2 was rebound to the PM-MIMs at 440 nm. Accordingly, the PM-MIMs were applied for fast separation and extraction of 17␤-E 2 followed by HPLC-UV determination, presenting the low limit of detection (LOD, S/N = 3) and quantification (LOQ, S/N = 10) of 0.18 and 0.62 mol L −1 , respectively. The high recoveries for spiked milk powder and drinking water samples were in the range of 97.5-113.0% with relative standard deviations less than 4.4%. This study reasonably combined photonic response, magnetic separation and surface imprinting, which endowed the PM-MIMs with significant advantages of high adsorption capacity and fast binding kinetics, convenient separation and recycled use, and simple rapid eco-benign adsorption/elution processes for template molecules. Thus, the PM-MIMs based method may be a simple, rapid, convenient, cost-effective and environmentally-friendly way for simultaneous separation, enrichment and detection of trace 17␤-E 2 in complicated matrices.
Introduction
The more and more serious pollution of environmental estrogens (EEs) in foods and water has received considerable concerns [1, 2] . Amongst the EEs, 17␤-estradiol (17␤-E 2 ) is quite important, and has been widely used in environment and foods owing to its potent curative effects [3, 4] . However, the illegal addition and abuse of 17␤-E 2 leads to its accumulation in body through food chains, and then causes series toxic side effects, such as damaging treatment processes, such as solid phase extraction (SPE) and solid phase microextraction (SPME). However, the traditional extraction sorbents of SPE usually exhibit low selectivity, which leads to low adsorption capacity and enrichment efficiency. Thus, developing specific sorbents with high selectivity is imperative. As a kind of promising material with desirable selectivity, physical robustness, thermal stability, molecularly imprinted polymers (MIPs) have become increasingly popular in sample pretreatment, chromatographic separation and chemical/biological sensing fields [11, 12] . Recently, a number of studies on MIPs-based SPE for enrichment and detection of 17␤-E 2 have been reported [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, the potential application of traditional MIPs has also been significantly limited due to these drawbacks of complicated after-treatment workup, heterogeneous binding sites, low mass transfer, and difficult separation from solutions. So, it is very important to develop novel MIPs in order to overcome the drawbacks of traditional MIPs.
Meanwhile, as is well known, stimuli-responsive polymers (SRPs) can significantly change their physicochemical properties such as molecular chain structure, shape, surface structure, optical properties and electrical properties to external stimuli such as light, temperature, magnetism and pH [21] . In recent years, the combination of SRPs with MIPs as a new method has been developed, which integrates the advantages of MIPs and SRPs [22] . That is, the resultant stimuli-responsive MIPs (SR-MIPs) act like a switch with the ability of reversible uptake and release of template/target molecules upon alternate external stimuli [23] . Till now, various SR-MIPs have been prepared, such as pH [24] , temperature [25, 26] , photonic [27, 28] , and magnetic [29, 30] ones. Among these external stimuli factors, photoirradiation is one of the most frequently used external stimuli for SR-MIPs due to its convenience to apply, easiness to control, and superior cleaning [31, 32] . Azobenzene is widely applied as the chromophore of photoresponsive SR-MIPs because they exhibit excellent photoinduced fast and reversible isomerization between the trans-and cis-isomers of the azomoieties [33, 34] . A variety of azobenzene-based SR-MIPs have been developed with different morphologies such as bulk monoliths [35] , bulk hydrogels [36] , and microspheres [37] . Meanwhile, photoresponsive SR-MIPs together with thermo-, and pH-responsive properties, have been also reported [38, 39] . However, these photoresponsive SR-MIPs dispersed in solution are difficult to separate via traditional centrifugation and filtration methods. Interestingly, the combination of magnetic separation with SR-MIPs can deal with the abovementioned problems. We have developed magnetic-photonic SR-MIPs for separation and detection of caffeine in water samples [40] . However, the magnetic nanoparticles have not been functionalized by active groups, and it is difficult to further polymerize with functional monomers, resulting in irregular structures unfavorable to imprinting performances. Thus, it is necessary to functionalize magnetic nanoparticles for developing ideal magnetic SR-MIPs. Meanwhile, to the best of our knowledge, no photonic-magnetic responsive SR-MIPs have been reported for separation, enrichment and detection of 17␤-E 2 .
Thus, in this work, magnetic nanoparticles (Fe 3 O 4 ) were synthesized and functionalized with vinyl double bonds, and the self-synthesized 4-[(4-methacryloyloxy) phenylazo]benzoic acid (MPABA) containing azobenzene structure was used as photoswitchable functional monomer, for the preparation of photonic-magnetic responsive molecularly imprinted micro- spheres (PM-MIMs) and application to the fast and selective extraction of 17␤-E 2 . The PM-MIMs retained the photoisomerization properties of azobenzene chromophore and were responsive to an external magnetic field. The photo-regulated uptake and release of trace 17␤-E 2 , magnetic separation, and binding properties of the PM-MIMs were systematically investigated. Furthermore, the PMMIMs were successfully applied to the extraction of 17␤-E 2 in milk powder and drinking water samples, which indicated a great potential for the analysis/removal of the EEs in complicated samples.
Experimental

Reagents and materials
Hexahydrate ferric chloride (FeCl 3 ·6H 2 O), trisodium citrate, ethylene glycol, sodium acetate, and acetonitrile were purchased from Xilong Chemical Co., Ltd. (Shantou, China). Tetraethoxysilane (TEOS), 3-(methacryloxyl) propyltrimethoxysilane (KH 570 ), 2,2 -azobis(isobutyronitrile) (AIBN), ethylene glycoldimethacrylate (EGDMA), 17-beta-estradiol (17␤-E 2 ), 17-alpha-estradiol (17␣-E 2 ), estrone (E 1 ), and estriol (E 3 ) were all purchased from Aladdin (Shanghai, China). Other affiliated reagents such as dimethylsulfoxide (DMSO) and acetonitrile (ACN) were all obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the reagents were of analytical grade and used without further purification. Ultrapure water used throughout the work was produced by a Milli-Q Ultrapure Water System with the water outlet operating at 18.2 M (Millipore, Bedford, MA, USA).
Synthesis of Fe 3 O 4 nanoparticles
FeCl 3 (1.05 g), trisodium citrate (0.6 g), and sodium acetate (3.6 g) were dissolved in ethylene glycol (60 mL) under vigorous stirring for 30 min at room temperature. The mixture was sealed in a poly(tetrafluoroethylene) (Teflon)-lined autoclave (100 mL capacity) and heated at 200 • C for 10 h, and then cooled to room temperature. The black products (Fe 3 O 4 nanoparitcles) were collected by a magnet, washed with ethanol and ultrapure water for several times, and dried at 60 • C for further use. 
Preparation of the PM-MIMs
17␤-E 2 imprinted PM-MIMs were prepared by seed polymerization. MPABA was firstly synthesized according to our previous work [40] and then was used as the photoresponsive functional monomer for the PM-MIMs preparation. Briefly, template (17␤-E 2 , 1 mmol, 0.272 g) and photoresponsive functional monomer (MPABA, 6 mmol, 1.86 g) were dissolved in the mixture solutions (DMSO-ACN, 50 mL) and stored for 24 h. The above-prepared Fe 3 O 4 @SiO 2 -KH 570 (500 mg), crosslinker (EGDMA, 6.8 mmol), and initiator (AIBN, 30 mg) were mixed in toluene (10 mL) by sonication for 30 min followed by addition of the above solutions of 17␤-E 2 and MPABA. And then the mixture solutions were stirred at 70 • C for 24 h under nitrogen condition for polymerization. The products, i.e., PM-MIMs, were separated by the external magnet and eluted with methanol/acetic acid (9:1, v/v) in a Soxhlet extractor until no template detected, and dried under vacuum for 24 h. The whole syntheses procedures were carried out in the dark condition. As the control, photonic-magnetic responsive non-imprinted microspheres (PM-NIMs) were prepared using the same processes without addition of the template 17␤-E 2 .
Characterization
The morphological evaluation was performed by JEOL transmission electron microscope (TEM) (JEM-2010HR, Japan). The magnetic properties were examined by vibrating specimen magnetometer (VSM) (7407, Lakeshore, USA). The X-ray diffractometer (XRD) patterns were recorded using XRD analyzer (D8-FOCUS, Bruker, Karlsruhe, Germany). Thermal gravimetric analyses (TGA) were carried out on a differential scanning calorimeter (SDT-Q-600, TGA-DSC, TA instruments, USA). N 2 adsorption-desorption isotherms were obtained via Brunauer-Emmett-Teller (BET) analysis on Beishide instruments (3H-2000, Beijing, China). Spectroscopic characterization of the MPABA and PM-MIMs were scanned by a UV/Vis spectrometer (TU-1901, Beijing, China). Chromatographic analysis was carried out on a HPLC-UV instrument (Agilent Technologies 1260 Infinity) under the optimized conditions: injection volume, 20 L; mobile phase, acetonitrile/ultrapure water (7:3, v/v); flow rate, 1.0 mL min −1 ; detection wavelength, 208 nm; column, 250 mm × 4.6 mm C 18 at room temperature.
Adsorption experiments
Static adsorption experiments were carried out in DMSO-ACN solutions in the dark. 20 mg of the PM-MIMs or PM-NIMs samples were dispersed in a 10-mL flask containing 2.0 mL 17␤-E 2 solutions of various concentrations. After shaking for 12 h at room temperature, the samples were separated by an external magnet. The free concentration of 17␤-E 2 in the supernatant solutions was determined by HPLC. The adsorption amount of the PM-MIMs was calculated by subtracting the residual amount of templates in solution from the total amount of templates. Each group of experiments was carried out three times in parallel.
The binding kinetics study was performed as the following process. The PM-MIMs or PM-NIMs (20 mg) were dispersed into 17␤-E 2 solutions (40 M) and incubated at room temperature for different time in the dark. The PM-MIMs were then separated by external magnetic field and the free 17␤-E 2 concentration of a Qe (mg/g) stands for the binding capacity; Ce (mg/L) is equilibrium concentration in the solution; Qmax (mg/g) is the theoretical maximum adsorption amount; KL (L/mg) is the adsorption equilibrium constant.
b KF is a Freundlich constant related to the adsorption capacity; 1/n is a constant depicting the adsorption intensity or surface heterogeneity.
supernatant solutions was determined after incubation. Selectivity experiments were conducted by using 17␣-E 2 , E 3 , and E 1 as the structural analogues. Each group of experiments was carried out three times in parallel.
Photo-regulated uptake and release of the PM-MIMs
Photo-regulated uptake and release of 17␤-E 2 and its analogues by the PM-MIMs were carried out by alternate irradiation with 365 and 440 nm light. A series of the PM-MIMs samples (5.0 mg) were dispersed in the DMSO-ACN solutions (15 mL) containing analytes (40 M). The suspension solution was stirred in the dark for 12 h, and the binding amounts of the analytes were determined by HPLC. For the photocontrolled release of 17␤-E 2 , 17␣-E 2 , E 1 , and E 3 , their respective solution was stirred and irradiated at 365 nm for 1 h. The UV-vis spectra of the suspension solution were determined every 10 min. After 2 h of UV light irradiation at 365 nm, the UV light was switched off and the binding amounts of the analytes were determined by HPLC. And meanwhile, the PM-MIMs particles were separated by an external magnet to the vial's inner bottom and then were transferred to a new vial for recycle use (Fig. 1) . For the photoregulated uptake of 17␤-E 2 , 17␣-E 2 , E 1 , and E 3 , irradiation with 440 nm was used for 1 h. Besides, all procedures were similar to those in the release experiments.
Analysis of 17ˇ-E 2 in real samples by the PM-MIMs
Milk powder and drinking water samples (2 g) without spiking or spiked with 17␤-E 2 standard solutions (2 mL; 0.2, 0.5, or 1.0 moL) were firstly extracted using ACN (20 mL) for 30 min. The extract solutions were obtained after centrifugation and filtration. The PM-MIMs (20 mg) were added to the extract solution, and then shaken at room temperature for 1 h in the dark with the help of 440 nm irradiation. The PM-MIMs were separated from the solu- tion with an external magnet and the 17␤-E 2 in the supernatant was determined by HPLC. The binding of 17␤-E 2 on the PM-MIMs was subsequently eluted with DMSO/methanol (1:1, v:v) containing 0.5% acetic acid under irradiation at 365 nm. The eluants were evaporated under nitrogen at 40 • C, and the residues were redissolved in DMSO-ACN solution (1.0 mL) for further HPLC analysis. Fig. 1 schematically shows the preparation process of the PMMIMs by a seed polymerization method, possible mechanism of photoregulated uptake and release of template molecules from the PM-MIMs, and the whole procedure for extraction of 17␤-E 2 from real samples using the PM-MIMs. As seen, superparamagnetic magnetic Fe 3 O 4 nanoparticles were synthesized as the magnetic core for the PM-MIMs, making it easily be separated by the external magnetic field from solutions. For improving stability and preventing magnetic leaking, Fe 3 O 4 nanoparticles were coated with SiO 2 , and then functionalized with KH 570 for grafting of vinyl double bonds and thereby for further polymerizing with functional monomers easily. On the other hand, it is well known that light has lots of advantages, such as clean, safe, precise and remote controllable properties, which make photoresponsive materials have become the most popular intelligent materials. Among these photoresponsive materials, photoinduced trans-cis isomerization of azobenzene has become a research hotspot due to the geometry and dipole moment to the chromophore, which would be changed greatly under UV irradiation. Because of possessing a photoresponsive azobenzene chromphore (that is trans-cis and cis-trans photoisomerization at 365 and 440 nm irradiation, respectively), benzoic acid functionality, and a polymerizable methacryloyl group, self-synthesized MPABA was adopted as the photoresponsive functional monomer, and pre-assembled with template molecules (17␤-E 2 ) in the DMSO-ACN solution, and then the initiator and cross-linker were added into the DMSO-ACN solution and induced the polymerization on the functionalized Fe 3 O 4 nanoparticle surface in the dark conditions (Fig. 1) . After eluting 17␤-E 2 , the resultant PM-MIMs rendered it to possess the properties of the azobenzene trans-cis photoisomerization and superparamagnetic susceptibility, as well as improved selectivity. Therefore, the PM-MIMs would occupy the ability to photoregulated uptake and release for template molecules under light-stimulation, and could be rapidly separated easily by the external magnetic field for recycle use, as schematically illustrated in Fig. 1 .
Results and discussion
Preparation of PM-MIMs
Characterization of the PM-MIMs
The obtained PM-MIMs were fully characterized by TEM, VSM, XRD, TGA and BET as follows. The morphological structures of the Fe 3 O 4 , Fe 3 O 4 @SiO 2 , and PM-MIMs were observed by TEM (Fig. 2) . It can be seen that Fe 3 O 4 particles exhibited nearly spherical shape ( Fig. 2A and B) with polycrystalline-like diffraction (( Fig. 2A, inset) , suggesting that each Fe 3 O 4 particle was composed of many smaller magnetite nanoparticles. After SiO 2 coating, the Fe 3 O 4 @SiO 2 coreshell material still remained spherical morphology (Fig. 2C) . The dark Fe 3 O 4 particles were individually coated with a uniform silica shell with the thickness of about 20 nm ( (Fig. 2D) . Silica layer not only made Fe 3 O 4 surface modification easier and more effective, but also protected the magnetic cores from leaking and etching in the synthesized processes. As shown in Fig. 2E and F, the PM-MIMs displayed spherical microspheres with a sandwich structure, which was composed of a dark Fe 3 O 4 core, a gray SiO 2 middle layer, and a light-gray MIPs shell with the thickness of about 25 nm. In addition, it is observed that the dispersibility of PM-MIMs is not good as Fe 3 O 4 and Fe 3 O 4 @SiO 2 , which is very likely based on the two reasons as follows. One is that the crosslinking substances containing double bonds could more easily form shell-layers on the surface of Fe 3 O 4 @SiO 2 , and thereby result in aggregation to some extent. The other is that the PM-MIMs samples were not completely dried because of the compact structure after polymerization with cross-linkers, under the same TEM experimental conditions for the three materials, and thus a certain aggregation and conglutination occurred. Nevertheless, compared with traditional MIPs, such core-shell sandwich structure with thin imprinting shell was favorable to the fast mass transfer for template removing and rebinding, resulting in higher adsorption ability and imprinting efficiency. The nitrogen adsorption-desorption isotherms of the PM-MIMs and PM-NIMs were shown in Fig. 3D . Obviously, the type IV isotherm curve with a loop was observed for the PM-MIMs, suggesting that the PM-MIMs formed a well-defined porous structure after removing template molecules. However, the desorption curve was closer but slightly leveled above the adsorption curve for the PMMIMs, which indicated that the PM-MIMs were quite stable. The structure parameters of the PM-MIMs and PM-NIMs were obtained by BET analysis. The surface area and peak pore size of the PM-MIMs were 78.23 m 2 g −1 and 8.36 nm, respectively, while those parameters of the PM-NIMs were 33.66 m 2 g −1 and 4.78 nm, respectively. It can be seen that the surface area and peak pore size of the PM-MIMs were much larger than that of the PM-NIMs, which was very likely due to the formation of binding sites after removing of template molecules on the Fe 3 O 4 @SiO 2 -KH 570 surface. Table 2 Recoveries of 17␤-E2 in milk powder and drinking water samples by using the PM-MIMs with and without light irradiation. 
Photoisomerization property of the PM-MIMs
MPABA was chosen as the photoresponsive functional monomer in our study because it possesses a photoresponsive azobenzene chromphore, benzoic acid functionality, and a polymerizable methacryloyl group. The photoisomerization properties of the MPABA and PM-MIMs were investigated by UV-vis upon alternate irradiation at 365 and 440 nm, respectively. From the results of Fig. 4A , it can be found that the UV-vis spectra of the MPABA exhibited one strong absorption at about 333 nm under irradiating at 365 nm, which was attribute to -* electron transition of the N N bond in azobenzene. The results also indicated that the intensity of -* transition decreased rapidly and reached photo-stationary state after 90 min at 365 nm irradiation, which was due to the transcis photoisomerization of the azobenzene. However, the intensity of the -* transition increased when irradiation at 440 nm due to the reverse cis-trans photoisomerization of the azobenzene (Fig. 4B) . After polymerization on the Fe 3 O 4 @SiO 2 -KH 570 surface, the azobenzene chromophores of the MPABA still remained the photoresponsive properties. But the trans-cis and cis-trans isomerization intensities of the azobenzene chromophores within the PM-MIMs were lower than that of the pure MPABA (Fig. 4C and  D) , suggesting that the photoisomerization ability of the azobenzene chromophores decreased. The decreasing was very likely owing to that the rigid environment of the polymer matrix hindered the reorientation of the azobenzene chromophores [27] . The reversible photoinduced isomerization property of the PM-MIMs would improve adsorption or release ability for template molecules upon proper photoirradiation. Thus, such photo-responsive property of the PM-MIMs could decrease/eliminate the use of a large amount of organic solvents commonly used for elution by traditional MIPs, and offered rapidity, simplicity, cost-saving and environmental friendliness.
Binding properties of the PM-MIMs
The binding properties of the PM-MIMs played key roles in possible practical applications, which were investigated by performing the static, kinetic and selectivity studies. Fig. 5A displays the static adsorption isotherm of 17␤-E 2 by the PM-MIMs. The results suggested that the binding capacity for 17␤-E 2 increased quickly at first and then slowed down with its initial concentration increasing. The adsorption amount became stable and reached equilibrium at 60 mol L −1 with binding capacity of 315.6 ± 10.1 g g −1 , suggesting that the recognition sites were almost completely occupied by the template molecules. Results also showed that the PMNIMs exhibited the same trend as the PM-MIMs but with lower binding capacity, probably due to the absence of specific binding sites in them. In order to further evaluate the molecular binding properties of the PM-MIMs, Scatchard, Freundlich, and Langmuir isotherms were applied to fit these static adsorption data, as show in Fig. 5D -F, respectively. It can be seen that the maximal adsorption capacity (Q max ) and equilibrium dissociation constant (K d ) were 842.0 g g −1 and 26.1 mg L −1 for the PM-MIMs according to the Scatchard equation, respectively, as listed in Table 1 . Notably, the Freundlich isotherm model was more suitable to describe the static adsorption with the highest correlation coefficient (R 2 = 0.9974).
The absorption kinetics results were shown in Fig. 5B . It can be see that the binding amounts of 17␤-E 2 on the PM-MIMs increased rapidly before 30 min, and reached equilibrium after 60 min with binding amount of 310.6 ± 12.6 g g −1 . It is clearly seen that the surface imprinting method for the PM-MIMs showed shorter equilibrium time, which could be attributed to the fact that the thin imprinted layer on the PM-MIMs surface made the imprinted sites more accessible, faster mass transfer, easier binding and completely removing of template molecules. In addition, the binding capacity of PM-MIMs was much higher than that of the PM-NIMs (102.9 ± 7.2 g g −1 ), suggesting uniform spherical structure and larger specific surface area of the PM-MIMs were beneficial to rapid mass transfer.
The structurally similar compounds (17␣-E 2 , E 3 , and E 1 ) were chosen as the structural analogues for the selective recognition study. As seen from Fig. 5C , the PM-MIMs exhibited higher binding capacity for 17␤-E 2 than that for these structural analogues. The binding capacities of the PM-MIMs for 17␤-E 2 , 17␣-E 2 , E 3 , and E 1 were 313.7 ± 13.5, 208.8 ± 11.3, 136.8 ± 10.4, and 142.3 ± 8.8 g g −1 , respectively, suggesting that the PM-MIMs had higher selectivity for 17␤-E 2 . Fig. 5C also shows that the binding amount of the PM-NIMs was lower than that of the PM-MIMs and nonselective for these structurally similar compounds. Correspondingly, the imprinted factor (␣) values of 17␤-E 2 , 17␣-E 2 , E 3 , and E 1 were 2.70, 1.87, 1.32, and 1.64, respectively. These facts proved that a strong interaction between 17␤-E 2 and MPABA appeared, and then high-affinity and template-specific binding sites were formed on the PM-MIMs.
3.5. Photo-regulated uptake and release of 17ˇ-E 2 by the PM-MIMs Photoisomerization reversibility of azobenzene chromophores was the key factor for the PM-MIMs, which was investigated by alternate irradiation at 365 and 440 nm, respectively. As shown in Fig. 6A , the photoisomerization of azobenzene chromophores in the PM-MIMs was reversible with no apparent photoreversibility losing after 4 cycles. However, the absorbance of azobenzene chromophores in the PM-MIMs gradually increased after each photoisomerization cycle, which may be due to the enlargement of the imprinted binding sites during the isomerization process.
Photoregulated release and uptake of 17␤-E 2 by the PM-MIMs were carried out under alternate irradiation at 365 nm and 440 nm, and the results were shown in Fig. 6B . 140.9 g g −1 (44.9%) of 17␤-E 2 released from the PM-MIMs with the irradiation at 365 nm for 1 h, which could be attributed to the photoinduced trans-cis isomerization of azobenzene chromophores in the recognition cavities, leading to a change in the recognition cavities and thereby weaken the interaction between the MPABA and 17␤-E 2 , thus the 17␤-E 2 bound was released back into the solution. On the contrary, the released amounts for 17␤-E 2 of 123.5 g g −1 (94.02%) rebound into the PM-MIMs after irradiation at 440 nm for another 1 h, which was due to the cis-trans isomerization of azobenzene chromophores, resulting in the receptor-site configuration and substrate affinity reversible to original, and were complementary to 17␤-E 2 in shape, size and chemical functionality again. Repeating the photoswitching irradiation resulted in the release and uptake of 17␤-E 2 in nearly similar amounts to the previous cycle, suggesting that the binding site configuration and substrate affinity were reversible during the course of photoswitching of azobenzene chromophores. In contrast, the changes of release and uptake amounts were not obvious for these structural analogues under the same conditions (Fig. 6B) , suggesting the PM-MIMs had highly selective photoresponsive ability towards 17␤-E 2 .
Reusability of the PM-MIMs
As we all know, reusability is an important index for the MIPs materials, which is undoubted a key factor in improving the economic efficiency and extending their applications. To investigate the reusability, the PM-MIMs samples (5.0 mg) were dispersed in 17␤-E 2 solutions (40 M) under 440 nm irradiation for 1 h. Afterwards, the PM-MIMs samples were separated by external magnet and then the 17␤-E 2 molecules were eluted with DMSO/methanol (1:1, v:v) containing 0.5% acetic acid under irradiation at 365 nm. Subsequently, the adsorption capacities of the 17␤-E 2 were determined by HPLC method. Such adsorption-desorption processes of the same PM-MIMs were carried out for five cycles. Accordingly, the recoverability of the five cycles presented the relative standard deviations (RSDs) less than 4.5%, suggesting that the PM-MIMs were excellently reusable. Meanwhile, the PM-MIMs could be separated rapidly within 5 min under external magnet. These results indicated that the PM-MIMs could be could be used repeatedly without significant decrease in their adsorption capacities for 17␤-E 2 with simple magnetic separation and eco-friendly template elution.
Application of the PM-MIMs to real samples
In order to evaluate the practical applicability, the PM-MIMs were used to enrich and elute 17␤-E 2 with and without light irradiation from milk powder and drinking water samples, respectively. The elutions were determined by HPLC and the results were shown in Fig. 7 . As seen, no 17␤-E 2 was detected g for the blank samples (Fig. 7a) , and a small peak appeared after 17␤-E 2 spiking without the PM-MIMs extraction (Fig. 7b) . Then, the PMMIMs were used in dark without any irradiation, only a small peak of 17␤-E 2 was found under such conditions (Fig. 7c) . However, excitingly, a significantly increased peak of 17␤-E 2 appeared after the PM-MIMs pretreatment under corresponding photo-irradiation (Fig. 7d) . Their corresponding recoveries and RSD results are listed in Table 2 , presenting high recoveries of 97.5-113.0% with low RSD less than 4.4% using photo-irradiation. At the same conditions, favorable limit of detection (LOD, S/N = 3) and limit of quantification (LOQ, S/N = 10) for 17␤-E 2 were attained of 0.18 and 0.62 mol L −1 , respectively. However, the remarkably decreased recoveries of 25.0-35.2% were observed without photo irradiation for the PMMIMs (Table 2) . These results showed that the proper irradiation conditions could improve the adsorption and release ability for the PM-MIMs. Compared with some traditional pretreatment methods [8] [9] [10] [13] [14] [15] [16] [17] [18] , as listed in Table 3 , the PM-MIMs demonstrated excellent properties such as high selectivity, fast binding kinetics, easy separation, and especially the smart elution/adsorption mode of stimuli-regulated adsorption and release for template molecules.
Conclusions
In conclusion, photonic response, magnetic separation and surface imprinting were reasonably combined for smart material preparation and then were applied to fast and selective extraction of 17␤-E 2 . The resultant PM-MIMs displayed spherical sandwich structure with Fe 3 O 4 core, a gray SiO 2 middle layer, and photoresponsive MIPs shell. The PM-MIMs exhibited photoresponsive and magnetic properties with specific recognition, high binding capacity, and fast binding kinetics. High recoveries in spiked milk power and drinking water samples proved that the PM-MIMs were feasible materials for rapid enrichment and separation of 17␤-E 2 from complicated matrices under proper irradiation conditions. The PM-MIMs not only had the ability to photoregulated uptake and release of template molecules, but also could be separated quickly from solutions by external magnet. These results also indicated that the processes of enrichment, separation, and release for 17␤-E 2 can be recycled with advantages of convenience, rapidity, cost/labor-effectiveness and eco-friendliness. Furthermore, the PM-MIMs based method provided a potential new strategy for EEs pollution monitoring and abatement/remediation, and pushed forward the development of versatile SR-MIPs for potential applications.
